The non-axisymmetric geometry structure of the volute leads to the uneven circumferential distribution of the flow field inside centrifugal compressors. It is difficult to describe the whole flow field for few measuring points installed around the centrifugal compressor casing wall. In this paper, seventy-two static pressure measuring probes including the six circumferential position and the twelve meridional position were installed around the casing wall, and the circumferential distribution of the static pressure was compared under the different speeds at the full flow rate. Some especial circumferential distributions of the static pressure were founded through analyzing the experimental results. At the small flow rate, the circumferential distribution of the static pressure not only has the peak static pressure point induced by the volute tongue but also has the bulge phenomenon, which also appears near the design flow rate. The stall inception most likely occurs at the static pressure peak or the static pressure bulge region. In each speed, there is a flow rate corresponding to the lowest circumferential variation of the static pressure and the peak efficiency. The amplitude of the circumferential static pressure variation does not decrease with the reducing flow rate, on the contrary, the amplitude has the increasing tendency along the meridional direction. The circumferential static pressure distribution at the leading edge of the splitter blade is almost the same at different small flow rates. Meanwhile, the circumferential static pressure distribution has the two peaks phenomenon, which has the approximately 180° circumferential difference between the two peaks points.
Introduction
The circumferential static pressure is uneven for a centrifugal compressor because of the asymmetric structure of the volute. The different flow rate in each blade passage indicates that the each blade passage works in different operating conditions. The circumferential non-uniform flow field can also make the difference in the reversed flow distribution along the circumferential direction. Therefore, the asymmetry of the bleed slot was took into account , their experimental results showed that the non-axisymmetric recirculation device has caused the changes of the compressor performance, several different non-axisymmetric recirculation device brought the compressor stall flow into the decreasing tendency. The static pressure in the volute increases from the volute tongue to outlet along the streamline direction in small flow condition, and the volute plays a role similar to a diffuser. But the static pressure distribution is inversed in large flow condition and the volute plays a role similar to a nozzle (Gu and Engeda, 2001; Yang et al., 2013b; Hagelstein et al., 2000) .
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Detailed measurements of the static pressure characteristics around the centrifugal compressor casing wall
Ce YANG*, Yingjun WANG*, Dazhong LAO**, Wenli WANG*, Changmao YANG*, Xiaodi CHEN* and Hanzhi ZHANG* Some experimental studies about the uneven circumferential distribution of the flow field for centrifugal compressors with the volute were carried out. Six static pressure measuring probes in the inlet and the outlet of a centrifugal compressor (Harley et al., 2015) , and obtained the circumferential pressure distribution at the whole flow rate. The circumferential pressure distribution of compressors also was compared between the vaned and vaneless diffuser . 18 static pressure measuring probes were placed inside the different radii of the diffuser and 7 static pressure measuring probes were installed near the bleed slot. Their results show that the circumferential static pressure distribution of compressors with the vaned diffuser was more uniform, which indicates that the vanes effectively weaken the influence of the volute asymmetric structure on the circumferential distribution in the impellers and the diffuser. The static pressure was measured through 8 probes installed in the leading edge of the blades (Yang et al., 2013a) , the inlet and the outlet of the vaneless diffuser. The static pressure in the inlet and the outlet of the diffuser was analyzed for five kinds of compressors (Japiks and Krivitzky, 2016) , all results showed the uneven circumferential distribution of the flow field in the inlet and outlet of the diffuser.
At present, the asymmetric structure of the bleed slot can improve the stability of the compressor, but it is far from forming the guiding principle of the specific shape of the bleed slot. The circumferential static pressure distribution of the bleed slot affects the circumferential distribution of the recirculation flow, which further impacts on the inlet flow field. Therefore, the static pressure changes at some spaced flow rates of each speed should be studied in detailed in order to determine the relationship between the circumferential static pressure distribution and the recirculation flow.
Some studies suggested that the asymmetric flow field structure would influence the initiation process of the stall and surge . Studies of the stall inception were always to find the initial moment and inception location as early as possible. The early structure of the stall inception was explained through measuring the static pressure at the initial moment of the stall (Inoue et al., 2000; Chen et al., 2007) . The asymmetry of the structure caused the stall inception at the particular blade passage of an axial compressor (Weichert and Day, 2012) . The stall process of different tip clearance width caused by the eccentric blades (Young and Day, 2011) , and found that the tip clearance width and the eccentric extent both affect the irregular intensity of the signal. Meanwhile, the asymmetric structure of the compressor influences the formation process of the stall inception. In the process of the decreasing flow rate for centrifugal compressors, to realize the circumferential changes of the static pressure is helpful to further understand the flow field, so as to detect the stall inception earlier.
In this paper, more static pressure measuring probes were installed around the casing wall in order to obtain the difference of the static pressure along the circumferential and meridional direction. Previous studies mainly focused on the inlet and outlet of impellers locations. In addition to two measuring probes installed inside the impeller, almost few researches paid attention to the whole flow field for a large number of the measuring probes around the casing wall.
The aim of this paper is to find the distribution changes of the static pressure inside the impellers and the diffuser entrance at different speeds with the change of flow rate. The amplitude of static pressure variation is compared along the circumferential direction. At the same time, whether the calculation method can accurately predict the distribution of the static pressure in the circumferential direction of the centrifugal compressor under the small flow rate is also confirmed.
Investigated compressor
The research object is a centrifugal compressor consisting of seven main blades and seven splitter blades, with a vaneless diffuser. The position of the volute tongue corresponds to a circumferential angle of approximately 50°, as shown in Fig. 1 . The main design parameters are shown in Table 1 . Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) 
Experimental facility
Seventy-two static pressure probes were installed around the casing wall for the detailed flow field, the diameter of the measuring probe is 0.7 mm and connected with the pressure flexible device. The six circumferential position and the twelve meridional position are shown in Fig. 2 (a) and (b), respectively represented by C1-C6 and P1-P12. The circumferential location of the measuring points (C1-C6) coincided with the reference position in Fig. 1 . For the meridional direction, P1 was located 5 mm upstream in the axial direction from the leading edge of the main blade; P2 and P4 were located at the leading edge of the main and splitter blades respectively; P9 was located at the trailing edge of the blades, P10-P12 was arranged inside the diffuser. In order to obtain the accurate testing results, the axis of each pressure probe was perpendicular with the local section of the casing wall. Fig. 4 Installed compressor for the experiment The experiment was carried out at the turbomachinery institute at the Beijing Institute of Technology, Fig. 3 shown the measuring probes locations and the processed volute, which was installed on the experimental platform, as shown in Fig. 4 . The compressor was driven by the turbine. The performance test was carried out under the constant speed during the experiment. The operating points started from the large flow rate and were adjusted to equal flow interval through the valve opening.
Measurement of performance parameters, such as rotating speed, flow rate, air temperature and static pressure parameters, were mainly acquired when the monitoring parameters were stable in the experiment. The rotating speed and
the flow rate were respectively measured through the electromagnetic sensor and the lemniscate flowmeter. The temperature measuring meter named Pt100 of measuring range 0-50 ℃and 0-250 ℃were respectively installed in the inlet and outlet of the compressor, the total temperature was acquired from four total temperature sensors equally distributed in the circumferential direction. Meanwhile, the total pressure was obtained through the measuring range -15-0 kPa inlet sensor and 0-300 kPa outlet sensor. The measuring sensors of the static pressure inside the compressor were selected through the location of the probes. After the displayed parameters had been stable, all the record operation started.
Three typical speeds of this compressor were carried out, the average value of 5 groups data for every operating point were calculated as the final data. The surge was judged through the high-frequency pressure probe installed in the inlet of the impeller and the outlet of the volute. Fig. 5 (a) shown the pressure ratio and flow performance including 6 operating points marked by OP1-OP6. Table 2 shown the corresponding flow rates including the large flow (OP1, OP2), the near design flow rate (OP3, OP4) and the small flow rate (OP5, OP6). Meanwhile, Fig. 5 (b) shown the efficiency and flow performance, Table 3 shown the flow rate at the peak efficiency and the minimum flow rate in the experiment. 
Results and discussion
The circumferential static pressure distribution was analyzed at different flow rates and the design speed 80 krpm. The measuring probes from the inlet to outlet along the meridional direction were selected respectively as follows: P2 corresponds to the leading edge of the main blade, P4-P7 corresponds to the impeller region, and P9-P12 corresponds to the diffuser. The circumferential static pressure distribution from the inlet to the outlet of the diffuser is similar. Along the circumferential direction, the maximum static pressure value locates near the C2, the static pressure value of both sides gradually decrease. At the large flow rate, from the downstream of the volute tongue to the outlet of the volute along the circumferential direction, the airflow flows out from the channel of each blade, and the flow rate gradually increases. However, along the same direction, the increasing cross section of the volute can't satisfy the requirements of the increasing flow rate, which results in the accelerated expansion of the airflow. Therefore, the static pressure reduces gradually along the flow direction and the volute plays a role similar to a nozzle. From the experimental results, the static pressure distribution of the diffuser along the flow direction is the similar to that of the volute, namely, the circumferential static pressure distribution of volute determines the distribution of the diffuser. The pressure variations along the Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) circumferential direction in the diffuser have little changes at large flow rate. Between the OP1 and OP2 conditions, although the two operating conditions have smaller difference, the amplitude of the circumferential pressure variations decrease with the decrease of flow rate. Another obvious phenomenon is that the static pressure peak value of different points along the circumferential direction is almost the same and both locates at the left side of 120° at OP1 and OP2 conditions. 
Near the design point
The circumferential static pressure distribution inside the diffuser near the design flow rate is described in Fig. 7 , respectively in the 0.32 kg/s (OP3) and 0.34 kg/s (OP4). Compared with the large flow rate, the amplitude of the circumferential static pressure variation decreases under the same 0.3 range of Y-axis, the decreasing tendency indicates that the static pressure distribution is more uniform in the circumferential direction. From the aerodynamic performance characteristic curves, the efficiency reaches the maximum value near the flow range from OP3 to OP4. Meanwhile, those also indicate that the uneven distribution causes the large flow loss when the compressor is deviated from the design condition. At the OP3 condition, the bulge phenomenon of the circumferential static pressure distribution appears at the P9 and P11, marked by the arrow. The OP4 also has the similar bulge phenomenon from P9 to P11. The phenomena indicate that the airflow velocity decreases at this location under the design condition and the airflow tends to separate with the further reduction of the flow rate. Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) 
At the small flow rate
At the small flow rate, respectively in the 0.28 kg/s (OP5) and 0.26 kg/s (OP6), the circumferential static pressure distribution is shown in Fig. 8 . Contrary to the OP1 and OP2, the minimum static pressure locates near the 120° region at the small flow rate. At the left and right sides of the lowest pressure point, the static pressure is gradually increased. Similarly, the circumferential static pressure distribution of the diffuser is the similar to that of the volute.
At different meridional positions, the circumferential location of the static pressure peak value basically has no change. Compared with the design conditions, the amplitude of the circumferential static pressure variation increases, and the amplitude of the OP6 is more than that of the OP5. Therefore, on the same speed line, the amplitude of the circumferential static pressure variation decreases from the large flow rate and reaches the minimum value at the design flow rate. Approaching the small flow rate, the amplitude increases. The uneven circumferential distribution in the diffuser is the factor of the flow loss at the small flow rate.
Beside only a peak value of the static pressure appears in P12, the distribution P9-P11 have two static pressure peaks. The left and right side peaks are respectively caused by the asymmetric structure of the volute and the reducing flow rate, the circumferential angular difference between the two peaks is 180°. The bulge phenomenon of P11 is obvious among P9-P11. Because of the experimental error and the possible separation flow caused by the geometric turning point, the circumferential angular difference of the P11 is more than 180 degree. Meanwhile, the peak value of the bulge region at OP6 is more than that of OP5. In the small flow condition, the static pressure bump area is significantly larger than that of the design condition. Based on the circumferential static pressure distribution at the small flow rate, the low-velocity region appears in the 240° location from the P9 to P11, Due to the location of the P9-P11, especially the P11, as shown in Fig. 2 (b) , the geometric curve of the shroud from the trailing edge of the blade to the diffuser has the turning point, and the separation flow may firstly occur about the 240° location of P11. To determine the circumferential static pressure distribution near the region can make the shape design of the bleed slot more targeted. Fig. 9 shows the circumferential static pressure distribution at the OP1 and OP2 under the 0.2 range of Y-axis. The distribution is uneven inside the impellers and the peak value of different circumferential static pressure distributions appears near the C3 region, approximately the circumferential 150° location. Compared with the distribution in the diffuser at the same condition, the circumferential angle of the peak value moves to the right about 60°, approximately reaching a blade passage width along the circumferential direction.
The non-axisymmetric geometry structure of the volute leads to the uneven circumferential pressure distribution. The blockade effect of volute tongue results in high static pressure area near the volute tongue. The disturbance caused by high static pressure adversely propagates into the diffuser, resulting in the static pressure peak value at different radii. Vol.12, No.1 (2017) As the pressure peaks adversely migrate to the impeller inlet, the circumferential location of the peak value is also related to the impellers rotation. At the large flow rate, the axial velocity of the airflow is larger, which results in the decreasing adverse static pressure propagation velocity and the circumferential angle changes of the static pressure peak inside impellers. The drift circumferential angle of the peak value is difficult to be determined because of the few measuring probes. The static pressure value of both sides of C3 gradually decreases. The circumferential static pressure distribution of the impellers is the similar to that of the diffuser, the adverse propagation of the high static pressure near the volute tongue results in the peak phenomenon from the P4 to P12 at large flow rate. At the same circumferential location, the amplitude of the static pressure variation of the OP1 is more than that of the OP2, along the meridional direction, the P7 has the largest amplitude of the variation.
(a) OP1, 0.40kg/s (b) OP2, 0.38 kg/s Fig. 9 Circumferential static pressure distribution inside the impellers at the large flow rate (80 krpm)
Near the design flow rate
The circumferential static pressure distribution inside the impellers near the design flow rate is showed in Fig. 10 . Compared with the large flow rate, the amplitude of the circumferential static pressure variation decreases significantly, and some measuring points have no obvious peak value. The amplitude of the circumferential static pressure variation at P7 is more than that of P4, namely, the circumferential distribution is more uniform from the outlet to inlet of the impellers. At the OP3 and OP4 conditions, the bulge phenomenon of the circumferential static pressure appears at C5, marked by the arrow, which indicates that there is a low velocity region. Fig. 11 shows the circumferential static pressure distribution inside the impellers at the small flow rates including the 0.28 kg/s (OP5) and 0.26 kg/s (OP6), at the small flow rate, the uneven extent of the circumferential static pressure increases again. Similarly, the peak value of the static pressure locates in C3 at large flow rate, but the minimum static pressure appears at the same location under the small flow rate.
At the small flow rate
At the OP6 operating condition, the peak value and the minimum value of the static pressure inside impellers are significantly obvious. The distribution of the impellers is the similar distribution to that of the diffuser at OP6. At the large flow rate, the circumferential angle of the peak value in the diffuser is different from that in the impellers. The reason is that the circumferential angle of the peak value is determined by the velocity difference between the axial velocity and the adverse propagation of the high static pressure near the volute tongue. At the small flow rate, the velocity is very small, at the same time, the adverse propagation velocity of the static pressure in the diffuser and the impeller significantly increases. The adverse propagation velocity mainly determines the similar distribution.
The bulge phenomenon of the circumferential static pressure distribution appears at many measuring points from the Fig. 11 . Some measuring points have the double peak phenomenon, which indicates the deteriorated flow condition inside the impellers. At the OP6 condition, P5 and P4 have the obvious bulge phenomenon, the measuring P4 has the obvious bulge phenomenon at the OP5 condition. From the Fig. 4 (b) , the P4 locates near the leading edge of the splitter blade and has the geometrical turning point, where the separation flow occurs possibly, resulting in the obvious bulge of the static pressure. Therefore, the decrease of the flow rate is the cause of intensified bulge of the static pressure. Compared with the two conditions, the measuring P4 has the obvious double peak phenomenon, whose circumferential angle difference is 180°. Fig. 12 shows the circumferential static pressure distribution of P2 at different flow rates under the 0.1 range of Yaxis. Although the amplitude of the static pressure variation further decreases, the distribution is uneven, which indicates that the asymmetric flow field induced by the volute still impacts on the inlet flow field. The circumferential static pressure distribution has the obvious difference at different flow rates. Due to the limitation of measuring points and the smaller amplitude, it is difficult to determine the accurate circumferential location of the peak value. Therefore, the peak region is used to represent the general area of peak pressure point.
The circumferential static pressure distribution of the leading edge of impellers
At the OP1 and OP2 conditions, the peak pressure region locates near 240°, which is different from the location of the peak pressure inside the impellers. The circumferential envelop angle of a blade passage, the adverse propagation velocity of the static pressure and the rotating speed are the main factors to determine the circumferential location of the static pressure peak at inlet. At the OP3 and OP4 conditions, the peak region is difficult to be determined because of the smaller amplitude of the static pressure variations and the circumferential uniform distribution. The uneven extent of the static pressure increases at OP6. The distribution is different from that of the large flow rate and the pressure peak region locates in 120° accompanying with the bulge phenomenon. The static pressure peak is caused by the high static pressure Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) induced by the volute, which also results in the same pressure peak in the impeller and the diffuser. Predictably, the leading edge spillover firstly occurs at the pressure peak region. Namely, for a compressor with the volute, the circumferential position of the tip region, where the pressure peak locates, is more easily leads to the leading edge spillover. According to the previous results, the leading edge spillover is identified as the spike-type stall. So the spiketype stall occurs at this investigated compressor and the circumferential location corresponds to the pressure peak region at the lead edge of the main blade.
Fig. 12
Circumferential static pressure distribution of P2 at different flow rates
The bulge phenomenon of the circumferential static pressure distribution
According to the static pressure distribution in impellers and the diffuser at the small flow rate, the uneven distribution, such as the high static pressure region induced by the flow separation and the bulge phenomenon, deteriorates the compressor performance. The circumferential angular difference between the two peaks approximately reaches to 180°. The meridional velocity and the flow rate in the high static pressure region both decrease. The separation flow firstly occurs at the same region, when the static pressure value rises to the certain value, the flow field will collapse in the diffuser and the impellers and the compressor run into the stall condition. So to analyze the forming process of the pressure peak and the bulge is useful to determine the stall inception location and the inception moment.
P4 locates in the leading edge of the splitter blade, where the bleed slot of the recirculation device usually is installed, the circumferential static pressure distribution is paid more attention. At present, the symmetrical structure of the bleed slot is used for the compressor. The new shape of the bleed slot designed by the circumferential pressure distribution can broaden the flow range. The circumferential static pressure distribution of P4 at OP6 is similar to the Sine curve, the two peak value regions have the low flow velocity, the stall inception firstly occurs at two particular locations. As a consequence, the bleed slot should be designed close to the impeller outlet. The suction action enhances the recirculation flow rate, which eliminates the low speed airflow near the shroud and makes the pressure distribution more uniform.
From the circumferential static pressure distribution in the diffuser and impellers, the bulge phenomenon mainly appears at two regions. In the diffuser, the static pressure bulge of the P11 is obvious and that of P9 and P10 gradually weakens. The static pressure bulge gradually enhances from the P7 to P4 inside the impeller. For this compressor, besides the static pressure peak region has the separation flow, which also occurs at the circumferential 240° of P11 and the 270° of P4.
The circumferential static pressure distribution of the pivotal measuring points
At different speeds, the circumferential static pressure distribution of the P2 and P4 is more useful. The P2 locates in the inlet, which is used to judge the stall inception. As mentioned above, the stall is most likely to occur at the high static pressure region, whose circumferential location affect the stall inception location at different speeds. To realize the flow field of the P2 is helpful to take measures to regulate the inlet pressure distribution and delay the stall. The pressure distribution of P4 is useful to optimize the shape of the bleed slot. Vol.12, No.1 (2017) At the 70 krpm, the 0.16 kg/s closely approaches to the stall point. The Fig. 13 shows the circumferential static pressure distribution of the pivotal measuring points. Consistent with 80 krpm, the range of Y-axis is set respectively as 0.1 and 0.2 for the P2 and P4. The location of the static pressure peak region of P2 at 70 krpm has no difference with that of 80 krpm, the distribution of P2 has no static pressure bulge phenomenon at 70 krpm. The circumferential distribution of P4 has the double peak characteristic, whose circumferential location is the same with that of 80 krpm, but the amplitude of the static pressure variation at 70 krpm is less than that of 80 krpm.
(a) P2
(b) P4 Fig. 13 Circumferential static pressure distribution of the pivotal measuring points near the stall point (70 krpm, 0.16kg/s) Fig. 14 shows the circumferential results at 60 krpm, the stall point corresponds to the .0.1 kg/s. Compared with other points, the distribution of P2 has no obvious peak characteristic, the static pressure of the C3 is slightly higher. The circumferential distribution of P4 at 60 krpm keeps the similar form to that of 70 krpm and 80 krpm, and the amplitude further decreases. At different speeds, the distribution pattern of the P4 is basically the same, and the amplitude of the circumferential static pressure variation decreases with the reducing flow. Meanwhile, the circumferential static pressure becomes more uniform at the inlet.
The amplitude of static pressure variations
To quantitatively measure the uneven extent of static pressure in the circumferential direction, a nondimensional amplitude parameter of the circumferential static pressure variation is defined as VA:
Where p is the mean value of the circumferential static pressure, pmax and pmin respectively correspond to the maximum value and the minimum value of the circumferential static pressure. Fig. 15 shows the VA of P4 at 60 krpm and 80 krpm. The low speed does not result in the amplitude decrease of the circumferential static pressure variation. Among the two speeds, there is only a minimum value of VA corresponding to a flow rate. Deviating from the flow point, the VA will increase. Compared with the Fig. 5 (b) , the efficiency of the compressor reaches the maximum value at this flow rate. Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) Along the meridional direction, the VA of twelve measuring points is showed in Fig. 16 at 60 krpm and 80 krpm. Every speed contains three typical flow rates. At every speed, the VA reaches the minimum value in the design point. The VA is higher inside the impeller (P4 and P5) and the diffuser (P10 and P11), which represents the more uneven circumferential flow field near the two regions.
(a) 60 krpm (b) 80 krpm Fig. 16 The amplitude of the static pressure variation for the twelve monitoring positions
The circumferential distribution of calculated static pressure
The unsteady flow is complex inside the compressor at small flow rate, the unsteady CFD method is widely used for the stall inception. Whether the numerical solutions are fitted with experimental results determines the matching extent between the numerical and experimental results. Due to the uneven circumferential flow field, a full annulus simulation with the volute is carried out in this research.
The computational domains include the import pipe, impellers and the volute. The spatially discrete grid of the cascade passage was generated by using the IGG (Interactive Grid Generator)/Autogrid software package. The flow field domain of the blade passage was meshed by the O4H type structured grid, and the single blade was wrapped up with the O-type block. Thirteen elements were used in the radial direction to refine the flow at the tip. Table 4 shows the number of nodes for each part of the compressor. The grids of the inlet pipe and the volute were generated manually using the IGG software package and the grid quality was enhanced with butterfly grid technology. The bulb structure was fit to the complex header configuration. The full non-matching boundary was connected to the volute tongue and set for the interface between the pipe and the inlet. The y+ value in most region is less than 5. Fig. 17 shows the detail of the mesh for this compressor. FINE/Turbo software was used to solve Reynolds-Averaged Navier-Stokes equations with the Spalert-Allmaras turbulence model and the finite volume center discrete method. The space terms used the center difference scheme. The multi-grid and residual smoothing methods were adopted to accelerate the numerical convergence. The inlet condition was set by the uniform total temperature, total pressure and the axial flow. The outlet condition was set by the average static pressure for the unsteady calculations. The interface between the rotor and stator was treated with the "sliding mesh" method. The time integration was iterated by the four order Runge-Kutta explicit method, and the physical time step was 175 within a rotating period corresponding to 4.286μs, and every time step has 50 inner time iterations. Fig. 17 (a) The blade passage mesh (b) The bulb mesh (c) The compressor mesh Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) At the 80 krpm speed, the 0.26 kg/s closely approaches to the stall point. The circumferential static pressure comparisons between experimental and mean numerical results of different monitoring positions are showed in Fig. 18 , including the monitoring positions in the impeller and the diffuser. For most of the measuring points, the numerical results are consistent with the experimental results. At P8, P9 and P12, the numerical amplitude of the static pressure variation is more than that of experimental results. Compared with the experimental results, the variation extent of the bulge is overrated at the P8 and P9, but that of the P10 and P11 is underrated. From the P4 to P9, the distribution always has the static pressure bulge. In general, the comparison between the test and calculated results verifies the compressor calculation model.
Due to the non-axisymmetric geometry structure of the volute, the static pressure in the volute increases from the volute tongue to outlet along the streamline direction in small flow condition, and the volute plays the similar role of diffuser. The circumferential static pressure distribution in the diffuser has the similar distribution to the volute. Therefore, the circumferential location of the maximum pressure at the small flow rate locates at 30 degree, as shown in Fig. 18 with the static pressure distribution of the P12, and the disturbance caused by the high static pressure adversely propagates to the impeller inlet. As a result, in the impeller inlet, the static pressure distribution of the P2 shows that the circumferential location of the maximum pressure at the small flow rate locates at 120 degrees. Due to the rotating of the impeller, the circumferential propagation angle inside the impeller is more than that of the diffuser. Due to the rotation effect of the blades, the circumferential pressure distribution has the fluctuating characteristic, which is not expressed by the mean numerical and steady experimental results. Fig. 19 shows the unsteady CFD results at the small flow rate (0.26kg/s) and design flow rate (0.28 kg/s) in the 80 krpm. The unsteady static pressure variation phenomenon appears along the circumferential direction because of the influence of the blade rotation. At the left side of the 120°, the high static pressure region has the peak value. Moreover, the right side of the 180° has the high static pressure region corresponding the bulge phenomenon. The unsteady CFD results reflect the time-varying characteristic of the static pressure. 
Conclusions:
The circumferential static pressure distribution is uneven at the different speeds. The uneven extent near the inlet is less than that of the impeller and diffuser. At the same speed, the location of circumferential static pressure peak changes with the vibration of the flow rate. The blockade effect of volute tongue results in high static pressure area near the volute tongue. The disturbance caused by high static pressure adversely propagates into the inlet of the compressor, which results in the static pressure peak region locating approximately the 120° at the small flow rate and the design speed.
From the experimental results of different measuring probes, at the small flow rate, the circumferential location of the circumferential static pressure peak value and bulge has a certain deviation within the small range the flow direction. So more static pressure measuring point should be installed around the casing wall to describe the flow field in detail.
The static pressure bulge phenomenon appears not only in the small flow rate but also in the design flow rate. Whether in the diffuser, or inside the impeller, the separation flow may occur at the bulge region. Approaching the small flow rate, the pressure bulge becomes more obvious. Due to the geometric curve of the shroud has the turning point, this compressor has the most remarkable bulge phenomenon at the leading edge of the splitter blade and the inlet of the diffuser at the design speed.
At the design speed, most measuring points of the numerical results are consistent with the experimental results in the small flow rate. However, the forecasting variation extent of the bulge has some difference. The variation extent of the bulge is overrated near the trailing edge of the blade, but that of the inlet of the diffuser is underrated. Overall, the calculated results of the circumferential static pressure distribution are agreed well with the experimental results.
At the same speed, the large flow rate has the large amplitude of the circumferential static pressure variation. There is only a minimum value of variation parameter corresponding to a flow rate, deviating from that flow rate, the variation parameter will increase. The flow loss has a positive relationship with the uneven extent of the flow field. Along the meridional direction, the variation parameter will increase.
At different speeds, the circumferential distribution of the static pressure at the leading edge of the splitter blade is similar at the small flow rate, and the static pressure distribution has two peaks phenomenon including the static pressure peak region and the bulge region, those has the approximately 180° circumferential difference. The airflow at the peak region has the low velocity, the stall inception possibly takes place at the peak region. Ce Yang, Yingjun Wang, Lao, Wenli Wang, Changmao Yang, Chen and Zhang, Journal of Thermal Science and Technology, Vol.12, No.1 (2017) 
